DOUBLE-RING infiltration measurements were made during the corn growing season to determine the effect of various tillage systems on 1-and 30-min cumulative infiltration at three locations in Iowa. The Paraplow*, a newly introduced tillage tool in North America, which loosens the soil but does not invert it, was compared with moldboard-plow, chisel-plow, and no-tillage treatments. The Paraplow treatment gave the highest 1-and 30-min cumulative infiltration throughout the growing season. Similar bulk densities to a depth of 10 cm were observed for all the tillage treatments except for immediately after fall tillage at one site where moldboard-plowed and chisel-plowed soils had the lowest bulk densities. No-tillage and Paraplow treatment plots generally had greater moisture contents in the top 10 cm. Deep, surface connected cracks enhanced soil water infiltration considerably, and residue cover, particularly on the surface of no-tillage and Paraplow treatment plots, seemed to prevent surface sealing that would restrict soil water infiltration.
INTRODUCTION
Soil water infiltration is one of the most important processes affecting both crop production and the volume, transport route, and water quality of agricultural drainage. Except in regions of timely and/or excessive precipitation, any practice that increases infiltration and thereby increases water availability to crops is looked upon favorably. Increased infiltration usually delays the time during a storm when runoff begins, and during this extra time, the infiltrating water can leach more of the chemical out of the thin mixing zone of soil that interacts with rainfall and runoff (see review of Baker and Laflen, 1983 ). The only negative aspect of increased infiltration is that the route of some of the agricultural drainage is changed from surface runoff to subsurface drainage, which increases the potential for leaching of agricultural chemicals, Protection Division.
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particularly N0 3 -N and possibly pesticides, to subsurface drains or the groundwater.
The ability of rainwater to infiltrate a soil is dependent on a combination of two factors, the rates of water transfer to storage areas (hydraulic conductivities times the water potential gradients) and the volumes of storage areas. During rainfall events of limited amounts and duration, say < 5 cm in 1 h, under most conditions only the surface 30 cm of soil or less is immediately involved. Only under surface conditions of large transfer rates and low storage volume would deeper soil play a role. The effect of the physical condition of a soil surface on the water infiltration has been studied by many investigators (Duley, 1939; Horton, 1940; Duley and Kelly, 1941; Kidder et al., 1943; and Musgrave, 1955) . In general, they all agree that surface conditions often control the amount of water entering the soil.
Tillage usually increases infiltration (Wischmeier, 1973; Miller and Arstad, 1971; and Oschwald, 1973) . The degree of pulverization and mixing of the surface layer of soil by passage of a tillage tool can affect infiltration in a number of ways. Crusting and/or surface sealing, which can occur upon drying or when redistribution of soil particles results in clogging of pores, can restrict infiltration but is undone with tillage. On the other hand, the continuity of macropores to the soil surface (e.g., insect burrows and old root channels), which increases hydraulic conductivity and thereby infiltration, is destroyed by tillage. The shattering and loosening of the surface soil with tillage generally decreases bulk density and therefore increases porosity and potential water storage. Hydraulic conductivity will likely be increased as well because, according to Allmaras et al. (1966) , the average pore size of a soil is related to the overall porosity. Tillage may also create macropores of a different nature (i.e., cracks or tillage tracks that can increase conductivity), all of which at least initially can increase infiltration. Tillage can destroy surface crop residue, which protects the soil from the compacting, and surface-sealing forces of rainfall. Decreased residue cover can also increase soil water evaporation, decreasing antecedent soil moisture and decreasing storage.
Interest in no-tillage corn production has developed rapidly since the initiation of the studies on growing corn without tillage by Moody et al. (1961) . Smith and Lillard (1976) , in a study on the development of no-tillage cropping systems, concluded that mulches de-energize the rainfall, aid in increasing water infiltration rates, decrease runoff velocities, and drastically reduce soil erosion. Other investigators (Jones et al., 1969 ; Harroldsystems where crop residue is left on the soil surface. However, some studies (McGregor et al., 1975; Siemens and Oschwald, 1978; Laflen and Colvin, 1981) indicate that no-tillage systems, while effective in erosion control, do not necessarily reduce water runoff or increase the soil water infiltration rates.
To obtain the desired soil erosion control and water management (closely related to infiltration), a knowledge of the results that can be expected from individual tillage systems must be available. The Paraplow, a newly introduced tillage tool in North America (Pidgeon, 1983) , could affect the factors that affect infiltration differently than, say, a moldboard plow, chisel plow, or disk. This implement lifts the soil at an angle and then drops it back down, which cracks and loosens the soil, hopefully along natural patterns, but it does not invert the soil as a moldboard plow does. In effect, the soil has been loosened, but left with the residue cover of a no-till situation. Potentially, the increased storage and conductivity created by the soil loosening will persist longer because of protection by residue cover.
The objective of this study was to evaluate the effect of the Paraplow on soil water infiltration over the corn growing season by comparison with existing tillage systems using a moldboard plow, a chisel plow, and notillage.
MATERIALS AND METHODS
The four tillage treatments involved in this study were moldboard plow (15 to 20 cm), chisel plow (15 to 20 cm), Paraplow (25 to 30 cm), and no-tillage systems. These treatments were established with tillage in the fall of 1982 at three sites in Iowa, and each treatment was replicated four times. The experimental sites were located near Ames (central Iowa), Chariton (southcentral Iowa), and Nashua (northeastern Iowa).
The soil at the Ames site was a Webster silty clay loam (Typic Haplaquolls). All the tillage plots at this site were chisel-plowed in 1981 and untilled in 1982 with continuous corn production. Plots with moldboard-plow and chisel-plow treatments were double-disked, harrowed, and field-cultivated in the spring of 1983 before corn planting. Therefore, note should be made that reference to the moldboard-plow and chisel-plow treatments are tillage systems which include secondary tillage. No secondary tillage was performed on the plots tilled with the Paraplow at any of the sites.
The major soil type at the Chariton site was Haig silt loam (Typic Argiaquoll). Experimental plots were under continuous corn production with the no-tillage system used in 1981 and 1982. The moldboard-plow and chiselplow treatments were disked and harrowed in the spring of 1983 before planting of corn. The soil at the Nashua site was a Readlyn loam (Aquic Hapludoll). The tillage system used for continuous corn production in 1981 and 1982 was chisel plowing. Corn was planted in the spring of 1983 after the moldboard-plow and chisel-plow treatments were field-cultivated.
Infiltration data for tillage treatment effects during 1983 were collected four times at the Nashua site (with the last measurement made after primary tillage in the fall of 1983) and two times each at the Ames and Chariton sites. The time sequence for all the runs was somewhat different for every site because of weather conditions.
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A double-ring infiltrometer apparatus was used to measure the cumulative infiltration of water into the soil for 1-and 30-min, with the exception of data collection after fall tillage (1983) at the Nashua site, where a deeper, single-ring assembly was used. The purpose of constructing this deeper ring was to avoid any lateral seepage that could otherwise occur if a double-ring infiltrometer apparatus was used to depths shallower than the recently tilled zone. Double-ring infiltrometers are a proven method to determine rates of soil water infiltration (Bertrand, 1965) .
A vertical hydraulic ram mounted on a tractor was used to press the inner rings into the soil to a depth of approximately 10 cm, when the double-ring infiltrometer was used, and up to a depth of nearly 30 cm when the single ring was used on freshly tilled soil. Using a hydraulic ram with nearly constant rate of travel minimized the disturbance of the soil matrix during ring installation and prevented the deformation of the rings that sometimes occurs with hammering. The outer rings were driven about 5 cm into the soil. A plywood platform was built to carry a portable water stage recorder on top of the infiltrometer rings. This wooden assembly was closed from one side to minimize the unwanted movement of the styrofoam float of the water stage recorder due to air currents. Initial ponding was produced by pouring pre-determined volumes of water directly from pails into the inner and outer rings. Water was poured on a screen in the inner ring to avoid soil disturbance; the time required to add roughly 10 cm of water was about 5 s. Water stage recorders (Model FW-1, Belfort Instrument Co., Baltimore, MD) were used to record the subsidence of water in the inner ring as a function of time by using a clock-driven chart, as has been done previously (Jensen and Sletten, 1965; Allmaras et al., 1977) . During this process, both the inner and outer rings were filled simultaneously any time the water level of the inner ring decreased about 2.5 cm below its original level; thus, a constant head was approximated. The sensitivity of reading charts was such that the water subsidence in the inner ring could be read to about ± 0.05 cm and, time, to about ± 6 s. Consequently, for a typical value of 1 cm for the 1-min cumulative infiltration, the maximum measurement error would be about 15%. For a 30-min cumulative infiltration value of 10 cm (3 additions of water), the maximum error would be about 2%. The subsidence of water within the inner ring was continuously recorded for a minimum of 30 min for all the measurements at all sites.
For the two times at Ames, two times at Chariton, and four times at Nashua, one infiltration determination was made for each of the four replications per treatment per site. Besides determination of the infiltration of water into the soil, the moisture content of the soil on a dryweight basis was determined from soil samples taken from a depth of 10 cm from a point near each infiltrometer before the infiltration determinations were made. Undisturbed soil samples to a depth of 10 cm were obtained to determine soil bulk density before each infiltration run at the Chariton and Nashua sites only. The power sampler developed by Buchele (1961) was used to obtain soil samples from a point near each infiltrometer.
A randomized complete-block design for comparing the effects of different tillage treatments on bulk density, soil moisture, and 1-and 30-min cumulative infiltration was used. The model for a randomized complete-block design (Snedecor and Cochran, 1980) was used for the 1-and 30-min cumulative infiltration data. This model assumes block effects, and experimental errors are additive with treatment effects. An analysis of the residuals from this model indicated that the variations of the observed 1-and 30-min cumulative infiltration values for each treatment increased as the means increased. This suggested that the experimental errors were not additive, but that the size of the errors tended to be a percentage of the average response. When the observed 1-and 30-min cumulative infiltration data were transformed to a logarithmic scale, residuals indicated that the variation in the experimental errors was about the same for all treatments. Furthermore, the residuals from the transformed data appeared to be a normal distribution, but the residuals from fitting the randomized block model to the nontransformed 1-and 30-min cumulative infiltration data had a skewed distribution. Normal probability plots and the Shapiro and Wilk (1965) statistic were used to assess normality. Using the logarithmic transformation for 1-and 30-min cumulative infiltration resulted in F-tests and t-tests that were more reliable because the assumptions of additive and normally distributed errors were more nearly satisfied on this scale. Consequently, the data were transformed before analysis. First, the data for each sampling date at each site were analyzed separately; then, the pooled data for all sampling dates and sites were analyzed.
To determine the time trends for both cumulative infiltration and the infiltration rate, measured values of cumulative infiltration, 1, at 5-min intervals, were described by the following (Philip, 1957) where t is time after onset of the infiltration process and A and B are parameters empirically determined from regression analysis. This equation was differentiated with respect to time and used to describe the infiltration rate process, i.
RESULTS AND DISCUSSION
Tillage-Treatment Effects
Soil bulk density Average bulk density was not statistically different for any of the tillage treatments at either site (Nashua and Chariton) where it was measured, on any of the sampling dates except for immediately after fall tillage at Nashua. The averages of the bulk density for the moldboard plow
3 ) lower than with no-tillage but not by a statistically significant amount. This reduced bulk density for the tillage treatments no doubt resulted from the recent tillage performed.
The analysis of pooled data showed similar bulk densities for all four tillage treatments. Blevins et al. (1983) found no statistical differences in the bulk density for the no-tillage treatment compared with the conventional tillage treatments while studying the influence of conservation tillage on soil properties on a Maury silt loam. Similar bulk density for no-tillage and tilled treatments suggests that the residue cover on the surface of the untilled plots may prevent compaction of soil surfaces due to raindrop action and that the tillage induced looseness of the soil may decrease with time due to intensive use of machinery for secondary tillage and due to raindrop action. The no-tillage plots at Nashua and Chariton were established for 1 and 3 years, respectively. Perhaps, if the tillage treatments were maintained for longer periods, differences in bulk density would develop.
Soil moisture content
The soil moisture content differences in the top 10 cm between at least some tillage treatments were significant at each site on all the sampling dates except at Nashua on June 9, 1983 ( Table 1 ). The average moisture content for the no-tillage treatment was significantly greater than for the moldboard-plow and chisel-plow treatments at Chariton (Table 1) . It was also significantly greater than for the chisel-plow treatment at Ames, and for the moldboard-plow treatment at Nashua ( Table 1 ). The average moisture content for the Paraplow treatment was significantly greater than for moldboard-plow treatment at Chariton and for both moldboard-plow and chiselplow treatments at Nashua (Table 1 ). In general, the average moisture contents for both the Paraplow and notillage treatments were higher than for either the moldboard-plow or chisel-plow treatments. The analysis of pooled data showed that the moldboard-plow treatment had significantly reduced moisture content in the top 10 cm compared with the rest of the tillage treatments (Table 4 ). This trend of greater moisture contents for the chisel-plow, Paraplow, and no-tillage treatments is probably due to the presence of greater surface residue cover that minimized the soil surface exposure to the atmosphere and reduced evaporation on these tillage-treatment plots.
l-min cumulative infiltration -INF J
The effect of tillage on l-min cumulative infiltration was statistically significant for at least some treatments at every site on all of the sampling dates except for one each at Ames and Nashua ( Table 2 ). The average 1-min cumulative infiltration for the Paraplow was significantly greater than for the rest of the tillage treatments at Ames and at Nashua (Table 2) . It was also significantly greater than for the moldboard-plow and chisel-plow and notillage treatments at Chariton (Table 2 ). In general, the 1-min cumulative infiltration for the Paraplow treatment was higher at every site on nearly all the sampling dates, even though the soil moisture content in the top 10 cm was often higher than at least one or two of the other treatments. Many researchers find that greater initial moisture contents result in lower initial infiltration rates (Lewis, 1937; Tisdall, 1951; and Jensen, 1980) . The trend of greater 1-min cumulative infiltration and higher initial moisture content for the Paraplow treatment suggests that the surface porosity and cloddiness created by the soil fracturing from this implement, but protected by the surface residue, was greater and more persistent than for the other lessprotected treatments involving tillage. During this study, Erbach et al. (1984) , using the photographic method, estimated the percentage residue cover after planting at Ames and Chariton sites. The average residue cover for the two sites was 11% for moldboard plow, 52% for chisel plow, 77% for Paraplow, and 88% for the notillage treatment.
On June 1, 1983, at Chariton (Table 2) , the average 1-min cumulative infiltration for the no-tillage treatment was significantly lower than for the rest of the tillage treatments, whereas at the same site on October 27, 1983, the average 1-min cumulative infiltration for the no-tillage treatment was similar (statistically) to that for moldboard plow and chisel plow treatments. This trend for the no-tillage treatment may be due to the dry conditions during the summer drought when all the tillage plots were subjected to surface cracking. In fact, in July at Chariton, the surface cracking made it impossible to take a planned reading. In October, when the second determination was made, most of these cracks still existed for nearly all the tillage treatments, thereby increasing, with the exception of the chisel-plow treatment, the 1-min cumulative infiltration.
The analysis of the pooled data from all sites showed that the average 1-min cumulative infiltration for the Paraplow treatment was significantly greater than for the rest of the tillage treatments ( Table 4 ). The no-tillage treatment had significantly lower 1-min cumulative infiltration than the moldboard-plow and Paraplow treatments but a similar cumulative infiltration to that for the chisel-plow treatment (Table 4) .
30-min cumulative infiltration -1NF30
The average 30-min cumulative infiltration for the Paraplow treatment was significantly greater than for at least one or two of the other tillage treatments at each site on all the sampling dates, except immediately after tillage at Nashua on November 8, 1983 . The greater 30-min cumulative infiltration for the Paraplow treatment may be attributed to greater depth of soil disturbance, possible increased porosity and greater and more persistent cloddiness created by this implement and protected by the surface residue cover. Greater soil water infiltration for the Paraplow treatment observed in this study is in accord with that of Pidgeon (1983) , who stated that the Paraplow breaks the plow pan that may form at a depth of 18 to 20 cm and increases the infiltration capacity of soil while causing little disturbance of the soil surface.
The average 30-min cumulative infiltration for the notillage treatment was significantly lower than for the rest of the tillage treatments at Chariton on June 1, 1983 (Table 3) . On October 27, 1983 , at the same site, the 30-min cumulative infiltration for the no-tillage treatment was statistically similar to those of moldboardplow and chisel-plow treatments. This similarity may be attributed, as discussed earlier for the 1-min cumulative infiltration, to the increased water movement into the soil through soil surface cracks resulting from the summer drought. The analysis of the pooled data (Table 4) showed that the average 30-min cumulative infiltration for the Paraplow treatment was significantly greater than for the rest of the tillage treatments, whereas the rest of the tillage treatments were statistically similar.
Temporal Effects
The effects of tillage on soil water infiltration were studied at Nashua for a complete growing season (June, July, November after harvest, and November after fall tillage). No statistical analysis was done to determine temporal variations in the 1-and 30-min cumulative infiltration for any of the tillage treatments at that site because the experiment was not designed to do that. But in July, the averages of both the 1-and 30-min cumulative infiltration amounts for all the tillage treatments were increased considerably from those determined in June (Figs. 1 and 2 ). This increased soil water infiltration was no doubt due to the soil surface cracking and lower moisture contents resulting from the dry weather conditions during July. In November after harvest, the 1-and 30-min cumulative infiltration amounts suggest the partial clogging and sealing of soil surface cracks because of soil movement during rainstorms and runoff. Higher moisture contents in November may also be a cause of this lower soil water infiltration.
The average 1-and 30-min cumulative infiltration for the Paraplow and no-tillage treatments determined after fresh tillage in November were considerably lower than those determined after harvest (November 1983), but before tillage ( Figs. 1 and 2 ). The lower infiltration for the Paraplow treatment may be due to destruction of some surface cracks and a higher moisture content Vol. 28(6):November-December, 1985
because of a small rain (0.8 cm) that occurred between the two measurements. The reduced infiltration for notillage plots and the less-than-expected increases for the effect of recent tillage for moldboard-plow and chiselplow treatments could also be attributed to higher soil moisture contents. To illustrate time trends during a single infiltration event, the results of fitting data at the Ames site in May 1983 with the Philip equation (coefficients given in Table  5 ) are shown in Figs. 3 and 4 for cumulative infiltration and infiltration rates, respectively. The large revalues given in Table 5 show that the equation described the measured values quite well. As shown in Fig. 3 , the Paraplow treatment showed the largest values of cumulative infiltration at all times. This result was consistent with most of the experiments conducted. The vertical bars in Figs. 3 and 4 indicate one standard deviation about the curve as calculated from the replicated measurements. For clarity, the vertical bars are indicated on only one of the curves. As discussed in the methods and materials section, in general, as cumulative infiltration increased, the standard deviation (or variance) of the measurements increased. Even though differences between treatments increased with time, the variance within each treatment also increased. As already presented, two separate analyses of variance (1-min and 30-min values) were performed to test treatment effects on cumulative infiltration. Fig. 4 presents the infiltration rate curves that correspond to the cumulative infiltration curve shown in Fig. 3 . The large values of infiltration rate shown for Paraplow are consistent with measurements at the other sites. The vertical bars shown in Fig. 4 indicate the standard deviation in infiltration rates for several times. Unlike Fig. 3 , as time increased, the variance in the infiltration rates did not increase; actually, the variance decreased as the infiltration rate decreased. The data shown in Fig. 4 indicate that even after 30-min infiltration, there is no evidence that the difference in infiltration rate between the Paraplow and other tillage treatments is lessening.
CONCLUSION
The effect of different tillage treatments on soil water infiltration varied somewhat with site and sampling date in this study, however, the Paraplow generally gave the highest infiltration rates throughout the growing season. Deep surface connected cracks increased the water movement into the soil considerably, and the residue cover was important to prevent the soil surface sealing and crusting, thus increasing the infiltration rates and amounts.
The increased soil water infiltration, together with residue cover available on soil loosened by the Paraplow, may be useful to reduce the runoff and erosion hazards, but further studies using long-term tillage plots should be performed to quantify the potential of this tool as an efficient soil and residue manager.
